Abstract. Palladium (Pd) nanoparticles were incorporated into an isotactic polystyrene (iPS) by a one-step drying process through simultaneous vaporization, absorption and reduction processes of palladium(II) bis(acetylacetonate), Pd(acac)2 at 180 o C for 30 min. Pd nanoparticles were observed by a transmission electron microscope (TEM), and it was found that metallic nanoparticles were selectively loaded on the amorphous region between the lamellae of iPS. The effect of Pd nanoparticles on the thermal degradation kinetics of iPS was studied by Flynn & Wall equation using thermogravimetric analyzer (TGA) data at various heating rates. The activation energy of neat iPS was ca. 130~204 kJ/mol over the thermal degradation fraction of 0.05~0.40 while that of iPS/Pd nanocomposite was ca. 221~234 kJ/mol over the same range. These meant Pd nanoparticles have positive effect on the thermal degradation of alkyl polymer chains in iPS.
Introduction
Polymer nanocomposites with metallic nanoparticles have unusual properties in mechanical, thermal and catalytic applications therefore they could be used as new advanced functional materials [1] [2] [3] . Preparation methods for polymer/metal nanocomposites are divided into five groups: (1) metallic precursor solved in a polymer solution is reduced to metallic nanoparticles by adding reducing agent; (2) metallic precursor solved in a monomer is thermally reduced during the polymerization at high temperature; (3) colloidal metallic nanoparticles are mixed with a polymer solution; (4) impregnated metallic precursor into a polymer matrix in a solvent and then treated by a reducing agent or by thermolysis process; and (5) sublimed metallic precursor molecules penetrate into a polymer matrix and are reduced to self-assembled metallic nanoparticles [4] [5] [6] [7] . The methods (1)-(4) are wet processes, while the last method (5) is a dry process.
In this study, Pd metallic nanoparticles were incorporated into isotactic polystyrene (iPS) via the above method (5) and the effect of Pd nanoparticles on the thermal degradation kinetics of iPS was studied by Flynn & Wall equation [8, 9] :
where, Ed was activation energy for the thermal degradation, R was the universal gas constant, 8.314 J/mol·K, β was heating rate, and T -1 was the inversion of the absolute temperature at each degradation fraction, α. Ed value at each α could be calculated from the linear relationship between log β and T -1 at each α, which was obtained from the dynamic TGA curves at various heating rates with the assumption that the degradation rate was proportional to the weight loss rate.
Experiment
Palladium(II) bis(acetylacetonate, Pd(acac)2) was purchased from Johnson Matthey Materials Technology, and it was recrystallized in acetone. Powder type iPS was obtained from Polymer Source Inc. (Canada), whose molecular weight was 31,000. Its shape was changed to a film with a thickness of 100 μm using a heating press and it was dried in a vacuum oven at 40 o C for 48 hr. In order to incorporate Pd nanoparticles into iPS, one-step drying process [4] was used. 10 mg of Pd(acac) 2 and iPS film were positioned in a glass vessel in order to expose Pd(acac)2 vapor to the film in both side uniformly and air was removed from the vessel using vacuum pump, and the sealed glass vessel was placed in an oil bath of 180°C for 30 min. In our previous study [4] , we've confirmed that the Pd(acac) 2 vapor could penetrate into the film and reduced to Pd nanoparticles as was shown in Figure 1 . It was observed by transmission electron microscopy (TEM, Carl Zeiss Co. Ltd., Germany) at an accelerating voltage of 200 kV. Thin sections for iPS/Pd nanocomposites were prepared by cryo-ultramicrotomy at -60 o C after embedding in a light curable resin system (D-800, JEOL DATUM, Japan).
To study thermal degradation characteristics, TGA instrument was employed using a thermal analysis system (TG/DTA 6200, EXTRA 6000 series, Seiko Instruments Inc., Japan). 5 mg film chips were exactly weighted and dynamic run was carried out from room temperature to 600 o C at the heating rates of 5, 10, 15 and 20 o C/min. The analysis was carried out at a nitrogen flow rate of 200 ml/min to prevent the oxidation of the samples. and introduced to the Flynn & Wall equation together with log β, and straight lines for various α were created as displayed in Figure 4 . Activation energy for each α was calculated from the slope of the each straight line, as listed in Table 1 . As the thermal degradation fraction increased, the activation energy increased and in particular the activation energy steeply increased at the range of of α = 0.05~0.15. This meant that low-molecular weight compounds such as moistures, unreacted molecules, and impurities volatilized or the breakage of weak bonding chains to the thermal stress took place in the initial stage, leaving only the strong bonding chains, which affect the much higher activation energy after the initial stage. C, respectively, which was far higher than that of neat iPS at each α = 0.05 meaning that the thermal stability of iPS was improved owing to the Pd nanoparticles. Using the same procedure, the activation energy for each α was calculated from the slope of the each straight line equation as listed in Table 2 and the activation energy for neat iPS and iPS/Pd system was compared in Figure 6 . The activation energy of iPS/Pd system at α = 0.05 was ca. 221.1 kJ/mol, which was 171% higher value than that of the neat iPS. Thereafter, as the thermal degradation fraction increased, the activation energy slightly increased until α = 0.30 and maintained a constant value after α = 0.30. The activation energy value at α = 0.40 was 229.1 kJ/mol, which was 112% higher value that that of the neat iPSs. These results were very different from the data of neat iPS and it was due to the positive effect of Pd nanoparticles on the thermal stability of alkyl polymer chains in iPS. 
Results and Discussion

Summary
Pd nanoparticles were incorporated into neat iPS film by a drying process and the evenly loaded Pd nanoparticles in the iPS film were observed by TEM. Td value for iPS/Pd nanocomposite prepared by exposure to Pd(acac)2 vapor for 30 min was 428.9oC, which was 10.7oC higher than that of iPS. The activation energy for iPS was ca. 130~204 kJ/mol over the thermal degradation fraction of 0.05~0.40 while that of the iPS/Pd nanocomposite was ca. 221~234 kJ/mol over the same range. These meant that Pd nanoparticles positively affect the thermal degradation of alkyl polymer chains in iPS.
